Jasmonates are ubiquitously occurring plant growth regulators with high structural diversity that mediate numerous developmental processes and stress responses. We have recently identified 12-O-b-D-glucopyranosyljasmonic acid as the bioactive metabolite, leaf-closing factor (LCF), which induced nyctinastic leaf closure of Samanea saman. We demonstrate that leaf closure of isolated Samanea pinnae is induced upon stereospecific recognition of (2)-LCF, but not by its enantiomer, (+)-ent-LCF, and that the nonglucosylated derivative, (2)-12-hydroxyjasmonic acid also displays weak activity. Similarly, rapid and cell type-specific shrinkage of extensor motor cell protoplasts was selectively initiated upon treatment with (2)-LCF, whereas flexor motor cell protoplasts did not respond. In these bioassays related to leaf movement, all other jasmonates tested were inactive, including jasmonic acid (JA) and the potent derivates JA-isoleucine and coronatine. By contrast, (2)-LCF and (2)-12-hydroxyjasmonic acid were completely inactive with respect to activation of typical JA responses, such as induction of JAresponsive genes LOX2 and OPCL1 in Arabidopsis (Arabidopsis thaliana) or accumulation of plant volatile organic compounds in S. saman and lima bean (Phaseolus lunatus), generally considered to be mediated by JA-isoleucine in a COI1-dependent fashion. Furthermore, application of selective inhibitors indicated that leaf movement in S. saman is mediated by rapid potassium fluxes initiated by opening of potassium-permeable channels. Collectively, our data point to the existence of at least two separate JA signaling pathways in S. saman and that 12-O-b-D-glucopyranosyljasmonic acid exerts its leaf-closing activity through a mechanism independent of the COI1-JAZ module.
Jasmonic acid (JA) and its derivatives, collectively referred to as jasmonates, play important roles in controlling growth, development, and responses to environmental changes in higher plants (Devoto and Turner, 2003; Wasternack, 2007; Howe and Jander, 2008; Browse, 2009; Wasternack and Kombrink, 2010) . Jasmonates exert their function by activation of a large number of genes mediated in part by the transcription factor MYC2 (Lorenzo et al., 2004; Dombrecht et al., 2007; Fonseca et al., 2009a) . Elucidation of the mode of action of jasmonates has long been hampered by the fact that plants contain many jasmonate derivatives, biosynthetic precursors, and JA metabolites, which may differ considerably in their biological activities (Krumm et al., 1995; Kramell et al., 1997; Stintzi et al., 2001; Staswick and Tiryaki, 2004; Taki et al., 2005; Miersch et al., 2008) , and the complex structure of the jasmonate target, which is composed of two units, the F-box protein COI1 and a JAZ protein representing the core signaling module (Chini et al., 2007; Thines et al., 2007) . The analysis of two Arabidopsis (Arabidopsis thaliana) mutants was essential for unraveling the mode of action of jasmonates, coi1 and jar1, both defective in jasmonate response (Feys et al., 1994; Staswick et al., 2002) . While the coi1 mutant was found to be impaired in almost all jasmonate responses (Feys et al., 1994; Katsir et al., 2008) , the jar1 mutant was deficient in jasmonoyl-L-Ile (JA-Ile; Staswick and Tiryaki, 2004) . This allowed the recent identification of additional signaling components, such as the JAZ repressor proteins that impair MYC2 activity (Lorenzo et al., 2004; Chini et al., 2007; Dombrecht et al., 2007; Thines et al., 2007) . The current picture of JA perception and signaling cascade involves the SCF COI1 complex operating as E3 ubiquitin ligase, which upon binding of JA-Ile targets JAZ repressors for degradation by the 26S-proteasome, thereby releasing the transcription factor MYC2 and allowing activation of gene expression (Fonseca et al., 2009b; Wasternack and Kombrink, 2010) . Recently it was demonstrated that coreceptor complex consisting of COI1, JAZ, and inositol pentakisphosphate strongly binds to (+)-7-iso-JA-Ile and thus functions as jasmonate receptor (Sheard et al., 2010) . Importantly, only the (+)-7-iso-JA-Ile stereoisomer shows high bioactivity and is therefore considered the most important plant endogenous JA metabolite (Fonseca et al., 2009b) .
Other jasmonate derivatives also occur abundantly in plant tissues, including biosynthetic precursors and breakdown products . 12-Hydroxyjasmonic acid (12-OH-JA), also known as tuberonic acid, was first isolated from potato (Solanum tuberosum) leaves (Yoshihara et al., 1989) , Solanum demissum (Helder et al., 1993) , and hairy root culture of tomato (Solanum lycopersicum; Abdala et al., 2003) . It was shown to be inactive in mediating typical JA responses, such as tendril coiling (Blechert et al., 1999) , inhibition of root growth and seed germination , or activation of JA-responsive genes in barley (Hordeum vulgare), tomato, and Arabidopsis (Miersch et al., 1999 Gidda et al., 2003; Kienow et al., 2008) . Thus, 12-OH-JA, as well as its sulfated and glycosylated derivatives, is considered as a by-product of switching off jasmonate signaling by the metabolic conversion of bioactive JA into inactive metabolites, and its broad and abundant occurrence in many different plant species suggests that this is a common mechanism . By contrast, 12-OH-JA was also described to function as tuberinducing factor in Solanaceous species (Yoshihara et al., 1989) .
We recently identified 12-O-b-D-glucopyranosyljasmonic acid (12-O-Glc-JA) as the bioactive metabolite, leaf-closing factor (LCF), which induces leaf closure of Samanea saman (Ueda et al., 2000; Nakamura, 2006, 2007) . S. saman has been used as a model plant in the studies on nyctinastic leaf movement of legumes Asprey, 1958a, 1958b; Satter et al., 1974; Moran, 2007) . 12-O-Glc-JA (also referred to as tuberonic acid glucoside), like the aglycon 12-OH-JA showed tuber-inducing activity in potato, and again the (+)-7-iso epimer (cis configuration of substituents at the cyclopenanone ring) is the genuine bioactive form (Yoshihara et al., 1989) . Thus, the induction of leaf movement in S. saman and the initiation of tuber formation in potato are two examples of genus-and organ-specific bioactivity of 12-O-Glc-JA.
Using two specific enantiomers of synthetically modified LCF as chemical probes, we have previously identified a membrane protein as putative target of LCF, which we named MTJG (membrane target protein of jasmonate glucoside), in the motor cells of S. saman (Nakamura et al., 2008b) . MTJG is expected to be involved in LCF-mediated shrinking of the motor cells, which eventually leads to leaf-closing movement.
In view of the fact that the bioactivity of LCF seems completely different from that of other jasmonates, we wanted to analyze the impact of various jasmonate derivatives on nyctinastic leaf movement in S. saman, and likewise address the question whether or not other jasmonate responses are activated by LCF. In this article, we demonstrate that the leaf-closing activity is a unique property of 12-O-Glc-JA and that other jasmonate derivatives are inactive. Our results imply the existence of an additional signaling pathway or mode of action for jasmonates that is distinct from the established COI1-JA-Ile-JAZ route.
RESULTS

Leaf-Closing Activity Is a Unique Feature of 12-OH-JA Derivatives
Hydroxylation of JA to 12-OH-JA is considered as one mechanism by which JA is inactivated (Blechert et al., 1999; Miersch et al., 1999 Miersch et al., , 2008 . However, the fact that 12-OH-JA is also a building block of the LCF (12-O-Glc-JA) from S. saman raised the question whether it would display similar bioactivity. We therefore tested leaf-closing activities of 12-OH-JA and of various other jasmonates, including (2)-JA, (2)-JA-Ile, and the jasmonate mimic coronatine (for structures see Fig. 1 ), in relation to (2)-LCF (as K + -salt and H + -form) and inactive (+)-ent-LCF (Nakamura et al., 2008b) . The leaf-closing assay was carried out with pinnae of S. saman containing secondary and tertiary pulvini, which were disconnected from seedlings and conditioned to one more light-dark cycle (16/8 h), during which they continued their leaf opening-closing movement. In the subsequent (second) light period, the pinnae were supplied with solutions of test compounds and leaf movement camera recorded for 48 h. Figure 2 shows the status of each pinna at 10 h of the second light-dark cycle, i.e. 6 h after initiation of treatment. Since the closing movement appeared most prominently on tertiary pulvini, their status was used to evaluate bioactivity. It is obvious that (2)-LCF induced leaf closure most effectively when compared to all jasmonates tested (Fig. 2 ), irrespective of whether the H + -or K + -form of LCF was used. However, the stereochemistry of LCF strongly affected activity, because (+)-ent-LCF was completely ineffective in this bioassay (Fig. 2D) . (2)-12-OH-JA also induced leaf closure (Fig. 2E) . In contrast, all other jasmonates tested did not initiate leaf-closing movement, despite the fact that they comprised the most effective activators of other typical jasmonate responses, (2)-JA-Ile and (+)-coronatine (Fig. 2, F-H) . These results suggest that the leaf-closing activity is a unique feature of (2)-LCF.
LCF Initiates Volume Changes in Extensor Motor Cell Protoplasts of S. saman
During nyctinastic leaf closure, the extensor motor cells that reside on the adaxial side of tertiary pulvinus shrink, whereas the flexor motor cells that reside on the abaxial side swell (Coté, 1995) . This opposite volume change around the vascular bundle is also verified to trigger turgor changes in extensor motor cells for the secondary pulvinus of S. saman (Palmer and Asprey, 1958a; Satter et al., 1974) and laminar pulvinus of lima bean (Phaseolus vulgaris; Millet et al., 1989) . Localization studies using a fluorescein isothiocyanate-labeled (2)-LCF have revealed that extensor motor cells in pulvini of S. saman are the targets of (2)-LCF, whereas no binding of (2)-LCF to flexor motor cell was observed . We now addressed the question, whether (2)-LCF has the capacity to induce rapid volume changes in extensor and/or flexor motor cell. Therefore we microscopically monitored the cell volume changes in protoplasts isolated from the extensor or flexor side of tertiary pulvini of S. saman (Gorton and Satter, 1984) . As expected from the in vivo studies, (2)-LCF treatment induced shrinking of extensor motor cells, whereas no volume changes were recorded for flexor motor cell protoplasts (Fig. 3A) . The shrinking of protoplasts started very rapidly after addition of (2)-LCF and accounted for about 5% in volume change within 40 to 50 min (Fig. 3A) . Furthermore, when the concentration dependency was analyzed, we found that (2)-LCF caused significant protoplast shrinkage at a range from 1 to 100 mM (Fig. 3B) . Because of their selective response, all subsequent experiments comparing the bioactivity of different jasmonates were carried out with protoplasts prepared from extensor motor cells.
To test for the specificity of the response, we first asked whether the cell-shrinking assay would reflect the stereospecific recognition of active (2)-LCF versus inactive (+)-ent-LCF. Indeed, (+)-ent-LCF did not induce any shrinking of extensor motor cell protoplasts, quite in contrast to (2)-LCF (Fig. 4A ). This result strongly supports the involvement of MTJG in stereospecific recognition of the ligand (2)-LCF (Nakamura et al., 2008a ). Next we extended the analysis to other jasmonates and observed that (2)-JA, (2)-12-OH-JA, and (+)-coronatine likewise did not induce shrinking of the extensor motor cells (Fig. 4 , B-D). Intriguingly, 12-OH-JA did not cause cell shrinking although it showed some activity in the leaf-closing assay (Fig.  2E ). This apparent discrepancy can be explained by different sensitivity and duration of the assays and the lower specific activity of 12-OH-JA, which may be revealed in a long-term experiment by not as a rapid read out. In conclusion, cell-shrinking activity is only associated with (2)-LCF but not with other jasmonates.
To investigate whether specific ion fluxes are involved in the turgor changes that eventually lead to cell volume changes in motor cells upon (2)-LCF treatment, we performed shrinking assays in the presence of selective inhibitors. Tetraethylammonium (TEA), a commonly used potent K + channel blocker, impaired the (2)-LCF-induced cell-shrinking process, indicating the involvement of K + efflux systems in the LCF-mediated pulvini response (Fig. 5A ). By contrast, the addition of La 3+ , a Ca 2+ channel blocker, did not inhibit LCF-mediated motor cell shrinkage (Fig. 5B ).
LCF Does Not Activate Typical JA-Responsive Genes
Next we examined whether (2)-LCF is capable of modulating other, typical jasmonate responses, such as activation of specific marker genes. Therefore we employed transgenic Arabidopsis lines harboring the GUS reporter under the control of the LOX2 or the OPCL1 promoter, which have previously been used to assess the activity of different jasmonate derivatives (Kienow et al., 2008) . It is obvious from the results presented in Figure 6 that JA and coronalon (for structures see Fig. 1 ), a powerful synthetic JA analog (Schü ler et al., 2004) , strongly activated the LOX2p:: GUS reporter gene in a concentration-dependent manner. In contrast, (2)-LCF, (+)-ent-LCF, and (2)-12-OH-JA were essentially inactive. Virtually the same result was obtained using the OPCL1p::GUS reporter line (data not shown). Thus, (2)-LCF and (2)-12-OH-JA cannot trigger typical JA-activated processes that were previously shown to be mediated by the COI1-JA-Ile-JAZ signaling module (Chung et al., 2008) . 
Comparison of JA and LCF in Mediating Volatile Emission from Plants
Emission of volatiles from plants under attack by herbivores is another well-documented jasmonatemediated defense response, which can also be stimulated by exogenous application of jasmonates (Hopke et al., 1994; . We compared the effectiveness of (2)-JA and (2)-LCF to induce volatile emission from S. saman (Fig. 7 ) and lima bean (Fig. 8) . However, in both plants only (2)-JA induced emission of typical volatiles, such as b-ocimene, linalool, 4,8-dimethylnona-1,3,7-triene (DMNT), methyl salicylate, and methyl jasmonate (Figs. 7 and 8) . In contrast, (2)-LCF did not activate this particular type of defense response leading to the biosynthesis of specific secondary Figure 2 . Leaf-closing activities of different jasmonate derivatives using pinnae of S. saman. The leaf-closing assay was carried out using pinna of S. saman containing secondary and tertiary pulvini, which had been isolated from seedlings conditioned to a 16/8-h light-dark cycle for a week. A closing-opening movement of a pair of pinnule continues after they are disconnected from the stem and their behavior was monitored after addition of different jasmonate at 4 h of the second light cycle. The sections shows the status of pinnae at 10 h of the second light cycle after treatment for a period of 6 h with the following compounds: A, Water; B, (2)-LCF (H + -form); C, (2)-LCF (K + -form); D, (+)-ent-LCF; E, (2)-12-OH-JA; F, (2)-JA; G, (2)-JA-Ile (each at 500 mM); or H, (+)-coronatine (at 5 mM). The experiment was repeated three times with three replicates each. Figure 3 . Cell-shrinking assay using motor cell protoplast of S. saman. Protoplasts were prepared from separated half segments of tertiary pulvini of S. saman, i.e. from the extensor or flexor side, respectively. A, LCF initiates shrinkage only in protoplasts derived from extensor cells but not flexor cells. The volume of extensor cell protoplasts (black circles) or flexor cell protoplasts (black triangles) was monitored for 51 min after treatment with (2)-LCF (100 mM) and compared to the untreated control cells (white circles and white triangles, respectively). B, (2)-LCF was applied at different concentrations to extensor cell protoplasts and their shrinking was monitored for 51 min; 100 mM (2)-LCF (black circles), 10 mM (2)-LCF (black triangles), 1 mM (2)-LCF (white triangles), and water control (white circles). The values represent the normalized mean volume (6SD) of six to 12 protoplasts. Different letters indicate significant differences between the terminal measurement (i.e. t = 51 min; Student-Newman-Keuls post-hoc test: P , 0.05, after univariate ANOVA with treatment as fixed factor and time as random factor: A, F 3,25 = 26.99; B, F 3,21 = 7.47; P , 0.001).
metabolites. This result underscores that the physiological role and mode of action of (2)-LCF is restricted to controlling leaf closure and thus distinct from that of other jasmonates, such as (2)-JA or JA-Ile. Rapid leaf movement is a quite common feature within the touch-sensitive Mimosoideae subfamily of the legume family, Fabaceae. It is not known exactly why plants have evolved this trait, but it has been suggested that the plant uses its ability to shrink as a defense from predators. Oscillating leaf movements, controlled by the circadian clock with a cycle of about 24 h, is known as nyctinasty and widely observed in plants including, but not restricted to, leguminous plants such as Mimosa pudica and S. saman, which are established model plants for leaf movement.
Nyctinastic leaf closure of S. saman has been attributed to volume changes in specific motor cells located on opposite side of the vascular bundle: The extensor cells that reside on the adaxial side of tertiary pulvinus shrink, whereas the flexor cells that reside on the abaxial side swell during leaf closure (Gorton and Satter, 1984; Coté, 1995) . We have recently identified 12-O-Glc-JA as the bioactive LCF, (2)-LCF, that mediates this leaf movement in S. saman (Ueda et al., 2000; Ueda and Nakamura, 2007) . Here we extend this observation by demonstrating that (2)-LCF is also able to selectively induce shrinking of protoplasts isolated from extensor motor cells, whereas flexor motor cell protoplasts was proved to be insensitive to (2)-LCF treatment (Fig. 3A) . This is an important and new finding, which is in accordance with previous imunohistochemical labeling studies demonstrating that fluorescence-labeled (2)-LCF likewise selectively bound to extensor motor cells in plant sections . The responsiveness of isolated extensor protoplasts to (2)-LCF allowed additional detailed investigations, such as time and concentration dependence or inhibitor studies. The results demonstrate that (2)-LCF is effective at concentrations as low as 1 mM and that an appreciable decrease in the volume of the protoplasts was established within 10 to 20 min, amounting to a total decrease of approximately 5% within 50 min (Fig. 3) . The rapidity of the response suggests that the shrinking of motor cell protoplasts upon (2)-LCF application is the result of an immediate ion channel-mediated process rather than being caused by a metabolism-related mechanism affecting cell turgor.
The physiological mechanisms of leaf movement, such as the effect of light on the leaf closure of S. saman, have been extensively studied (Moran, 2007 and refs. therein) . For the dark-promoted leaf closure of S. saman, the involvement of K + fluxes, driving the hydraulic movement of water, was unequivocally demonstrated using motor cell protoplasts (Moran et al., 1988 (Moran et al., , 1996 Suh et al., 2000; Yu et al., 2001; Moshelion et al., 2002) . This outward-directed K + efflux from extensor motor cell is mediated by opening of K + -selective channels, which can be specifically blocked by TEA (Moran et al., 1990) . Our results likewise point to an involvement of potassium channels in (2)-LCFinduced protoplast shrinking. The specific K + channel blocker, TEA, completely inhibited this shrinking of extensor cell protoplasts upon treatment with (2)-LCF (Fig. 5A) . By contrast, (2)-LCF-dependent cell shrinkage was not impaired by the addition of La 3+ , a selective inhibitor of Ca 2+ channel activity (Fig. 5B ). Again, this observation is in accordance with previous reported data, demonstrating that alterations in cytosolic Ca 2+ concentrations have only a minor effect on an outward-directed potassium channel (K D ) in S. saman (Moshelion and Moran, 2000) . Our results are not only consistent with the reported features of Samanea ion channels as obtained by electrophysiological studies, they also indicated that (2)-LCF-induced Figure 5 . Influence of channel blockers on (2)-LCF-induced shrinkage of extensor motor cell protoplasts. Isolated extensor motor cell protoplasts were preincubated for 30 min with 1 mM TEA (A) or 0.5 mM LaCl 3 (B) before 100 mM (2)-LCF was added to initiate protoplasts shrinking. The response of extensor protoplasts to treatment with (2)-LCF and inhibitor (white circles) is compared to the response caused by (2)-LCF only (black circles), untreated control cells (black triangles), and extensor cells treated with inhibitor only (white triangles). The values represent the normalized mean volume (6SD) of six to 12 protoplasts. Different letters indicate significant differences between the terminal measurement (i.e. t = 51 min; Student-Newman-Keuls post-hoc test: P , 0.05, after univariate ANOVA with treatment as fixed factor and time as random factor: A, F 3,23 = 13.89; B, F 3,22 = 8.40; P , 0.001). Figure 6 . Activation of the LOX2 promoter by different jasmonates. Arabidopsis plants homozygous for a single insertion of the reporter gene, comprising a 1.8-kb promoter of the LOX2 gene (Jensen et al., 2002) , were grown in liquid culture for 2 weeks and subsequently treated with the indicated compounds (at 20 or 100 mM) for 24 h. Control treatment was with DMSO only. GUS activity was quantified in plant extracts using 4-methylumbelliferyl-b-D-glucuronide as substrate in a fluorimetric assay and related to the protein concentration. Activities are normalized to the control treatment (DMSO) and thus represent fold activation. The data represent the average of at least three biological replicates (6SD) and GUS activities that were significantly different compared to control treatment at P , 0.01 (Student's t test) are indicated (*). Similar values were obtained using an Arabidopsis line harboring the jasmonate-responsive OPCL1p::GUS reporter gene (Kienow et al., 2008) .
protoplast shrinkage and dark-promoted leaf closure share a common signaling pathway, at least in part, and that the molecular mechanism involves activation of selective ion channels.
Leaf-Closing Activity and Initiation of Motor Cell
Shrinkage Are Unique Properties of (2) (Ueda et al., 2000; Ueda and Nakamura, 2007) immediately raised two important question: (1) Does the absolute configuration at the chiral centers (C-3 and C-7) of the jasmonate building block affect bioactivity; and (2) do other jasmonate derivatives also display leaf-closing activity? Towards this end we established the structureactivity relationships using the leaf-closing assay with isolated pinnae and the cell-shrinking assay with extensor motor cell protoplasts. Importantly, in both bioassays we found that the activity of LCF was dependent on the stereochemistry with only (2)-LCF causing a response, whereas its stereoisomer (+)-ent-LCF was inactive (Figs. 2 and 4A ). These results are consistent with our previous binding study using fluorescein isothiocyanate-labeled LCF stereoisomers, which demonstrated selective recognition and binding of (2)-LCF, but not (+)-ent-LCF, to extensor cells of the Samanea pulvinus .
When we extended our analysis to other jasmonates we observed that neither (2)-JA, (2)-JA-Ile, nor (+)-coronatine could induce leaf closure in S. saman pinnae or cell shrinking of extensor cell protoplasts. However, in the case of (2)-12-OH-JA we observed a differential response, while leaf closure of Samanea pinnae was activated with low efficiency, shrinking of extensor motor cell protoplasts was not affected (Figs.  2 and 4C) . The reason for this difference is not clear but may be attributed to the de novo glucosylation of (2)-12-OH-JA to bioactive (2)-LCF in intact pinnae. From these results we conclude that motor activity is a unique feature of (2)-12-O-Glc-JA [(2)-LCF] and not displayed by other jasmonates, including the powerful Figure 8 . Profiles of induced volatile organic compounds emitted from lima bean leaves. Lima bean plants were treated either with water as a control (A), JA at 500 mM (B), or (2)-LCF at 500 mM (C). Headspace volatiles were collected for 24 h after initiation of treatment. Compounds were separated by gas chromatography and identified by mass spectrometry: 2, b-ocimene; 4, linalool; 5, DMNT; 6, C 10 H 14 ; 7, unknown; 9, methyl salicylate; 13, methyl jasmonate; IS, internal standard (1-bromodecane); *, contamination. All experiments have been conducted at least four times with similar results. Figure 7 . Profiles of induced volatile organic compounds emitted from S. saman leaves. S. saman plants were treated either with water as a control (A), JA at 500 mM (B), or (2)-LCF at 500 mM (C). Headspace volatiles were collected for 24 h after initiation of treatment. Compounds were separated by gas chromatography and identified by mass spectrometry: 1, Eucalyptol; 2, b-ocimene; 3, unknown; 4, linalool; 5, DMNT; 6, C 10 H 14 ; 7, unknown; 8, contamination; 9, methyl salicylate; 10, 3-hexenyl-iso-valerate; 11, b-caryophyllene; 12, 4,8,12-trimethyltrideca-1,3,7,11-tetraene; 13, methyl jasmonate; IS, internal standard (1-bromodecane). All experiments have been conducted at least four times with similar results.
jasmonate mimic (+)-coronatine, strongly indicating that the leaf-closing mechanism probably operates independent of the COI1-JAZ module. An alternative, conceivable model may include binding of (2)-12-OGlc-JA to a modified COI1-JAZ complex specific to Samanea and mediating leaf movement. However, direct experimental evidence in support of such molecular mechanism, for example by analysis of knockout mutants for any of the COI1-JAZ components, cannot be obtained, since genetic and molecular approaches have not yet been established for S. saman, M. pudica, or other model plants used for the analysis of rapid leaf movement. In view of these limitations, the obvious approach to unravel the molecular mechanism of (2)-LCF will be the isolation and molecular characterization of its putative membrane-localized target protein, MTJG (Nakamura et al., 2008b) .
Plants Respond Differentially to Typical Jasmonates and LCF
In considering the broad range of biological responses that are caused by jasmonate derivatives, it was obviously important to examine whether or not (2)-LCF was also capable of inducing another typical plant response, such as activation of JA-responsive genes or emission of volatile organic compounds. Our results clearly show that the JA-responsive marker genes, composed of the LOX2 or OPCL1 promoters and the GUS reporter, could not be activated by (2)-LCF, (+)-ent-LCF, or 12-OH-JA (Fig. 6 ). Both reporter genes, as well as the corresponding endogenous genes driven by their native promoters, were previously shown to be strongly up-regulated by several jasmonates including JA, MeJA, 12-oxophytodienoate, and the synthetic JA analog coronalon and indanoylIle (Jensen et al., 2002; Kienow et al., 2008) . Because almost all of the jasmonate-activated responses are dependent on the central regulator COI1 and the interacting JAZ repressor proteins (Feys et al., 1994; Wasternack, 2007; Chung et al., 2008; Katsir et al., 2008; Wasternack and Kombrink, 2010) , the lacking activation of above reporter genes by (2)-LCF strongly suggests that this compound exerts its leaf-closing activity through an additional, COI1-JAZ-independent signaling pathway.
The emission of organic volatiles is an indirect defense response of plants under attack from herbivores (Mithö fer et al., 2009) . It is also under the control of the octadecanoid signaling pathway and can be effectively stimulated by exogenous application of jasmonates (Hopke et al., 1994; . In both plants that were analyzed, S. samana and lima bean, we found a clear difference in responses to treatment with (2)-JA or (2)-LCF. Strikingly, only (2)-JA was capable to initiate volatile emission, whereas (2)-LCF was virtually inactive (Figs. 7 and  8) . It is important to note that S. saman can react to JA treatment very similar to other plants, e.g. volatile emission, and in addition has the capacity to specifically respond to the (2)-LCF signal with leaf closure.
The Biological Functions of 12-OH-JA
During the past decade, extensive gene expression studies and comparative mutant analyses have revealed that at least three groups of JA derivative exhibit signaling properties partially different from the parent compound JA (or JAMe). (1) 12-Oxophytodienoate, a biosynthetic precursor, is in many tissues highly abundant (Stintzi et al., 2001; Devoto et al., 2005; Taki et al., 2005; Kienow et al., 2008) . (2) JA amino acid conjugates are considered the most active and most important JA derivatives (Kramell et al., 1997; Staswick and Tiryaki, 2004; Fonseca et al., 2009b) and its coreceptor system involved in the COI1-JAZ module was recently identified (Chini et al., 2007; Thines et al., 2007; Sheard et al., 2010) . (3) 12-OH-JA and 12-O-Glc-JA, initially identified in Solanaceous plants and described as tuber-inducing factor, have subsequently been found as abundant metabolites in numerous other plants including Arabidopsis and tobacco (Nicotiana tabacum; Yoshihara et al., 1989; Helder et al., 1993; Swiatek et al., 2004; Miersch et al., 2008) .
The formation of 12-OH-JA, 12-O-Glc-JA, and 12-HSO 4 -JA, has been considered a mechanism for switching off JA signaling (Gidda et al., 2003; Miersch et al., 2008) that is tightly associated with simultaneous down-regulation of genes encoding enzymes of JA biosynthesis. Our additional feature of 12-OH-JA and 12-O-Glc-JA [(2)-LCF] is the second example of a genus-and organ-specific bioactivity for these metabolites, in addition to the tuber-inducing activity in Solanaceous species (Yoshihara et al., 1989) . However, the analysis of structure-activity relationships revealed that tuber-inducing activity was not a sole feature of 12-OH-JA and 12-O-Glc-JA, but rather that other jasmonates such as JA and JAMe were equally active and coronatine was even 100 to 1,000 times more effective in initiating potato tuberization than 12-OGlc-JA (Koda et al., 1991 (Koda et al., , 1996 . Obviously, these results do not preclude the involvement of the COI1-JAZ signaling pathway. By contrast, our analysis of Samanea leaf closure and extensor cell protoplast shrinkage clearly revealed that only (2)-12-O-Glc-JA, and (2)-12-OH-JA in case of leaf closure, displayed bioactivity, whereas all other jasmonates tested were ineffective, including the otherwise highly active coronatine (Figs. 2 and 4D ). These results also imply the existence of a separate JA signaling pathway in S. saman, operating independently from the COI1-JAZ module and mediating leaf closure via the 12-O-Glc-JA, (2)-LCF, signal. Future work will aim at unraveling the molecular mechanism of (2)-LCF function, including stereospecific recognition by the putative receptor, MTJG, localized on the motor cell membrane and triggering of downstream responses. 
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Preparation of Chemicals
(2)-LCF, (+)-ent-LCF, and 12-OH-JA were synthesized according to our previous report (Nakamura et al., 2008a) . (2)-JA was prepared from commercially available (6)-JA by optical resolution as described (Asamitsu et al., 2006) . (2)-JA-Ile was prepared essentially as described (Kramell et al., 1988) . (6)-JA and (+)-coronatine were purchased from Sigma-Aldrich Co. Ltd. While JA-Ile was supplied as the natural 95:5 ratio of its stereoisomers (2)-JA-Ile and (+)-iso-JA-Ile, respectively, coronatine is the structural and functional mimic of specifically (+)-iso-JA-Ile (Feys et al., 1994; Weiler et al., 1994; Fonseca et al., 2009b) .
Leaf-Closing Assay Using Pinna of S. saman
The 8-week-old seedlings of S. saman were conditioned for a week in a growth chamber (Biotron LH-300, Nippon medical & chemical instrument Co., Ltd.) to a 16/8-h light/dark regime at approximately 6 mmol m 22 s 21 PAR, 25°C 6 2°C, and 60% to 70% relative humidity before being using for the leafclosing assay. Under this condition, the leaves opened for 12 h, starting at 4 h after beginning of the light period, and closed for 12 h. The pinnae were disconnected from the seedlings just above the primary pulvinus and were placed with their petioles (rachillae) in 1.5-mL plastic tubes filled with distilled water. Under these conditions, the pinnae continued their cycle of opening-closing movement (16-h light, 8-h dark) as before.
The experiments were started at 4 h after beginning of the second light period by supplying the pinnae with the following jasmonate solutions:
-JA-OH (each at the final concentration of 500 mM), or (+)-coronatine (at 5 mM). Subsequently the behavior of each pinna was recorded by digital camera for a period of 48 h. Pictures presented in Figure 2 were taken at 10 h of the second light period, i.e. 6 h after initiation of treatment. Three replicate pinnae with a leaflet pair were used for each compound and the experiment was repeated at least three times with similar results.
Cell-Shrinking Assay Using Motor Cell Protoplast of S. saman
The tertiary pulvini of S. saman were collected from compound leaves on the second or third branch from the short apex. These pulvini were separated under a stereomicroscope into extensor (adaxial) part and flexor (abaxial) part with a sharp razor blade. Protoplasts were prepared from extensor part according to the previously reported method (Gorton and Satter, 1984; Moran et al., 1990; Nakamura et al., 2008b) , suspended in wash solution (0.57 M sorbitol, 10 mM KCl, 1 mM CaCl 2 , 20 mM MES-Tris pH 5.5), and centrifuged at 110g for 5 min. The resulting pellet containing protoplasts was suspended in a small volume of washing solution and the washing step repeated twice.
The freshly prepared protoplasts in 450 mL wash solution were transferred to a glass-bottom petri dish (w 35 3 12 mm), placed under an inverted microscope Olympus) , and monitored at 24°C 6 1°C with continuous irradiation of the light (50 mmol m 22 s 21 PAR) passed through a green filter (43IF550-W45, Olympus). Following incubation under the microscope for 6 min, 50 mL of different compounds (each at 1 mM dissolved in wash solution) was added to the protoplast suspension, which was sealed with a coverslip. In experiments using inhibitors, such as TEA or lanthanum chloride (La 3+ ), the protoplasts were incubated with these compounds for 30 min before adding LCF. The status of protoplasts was recorded with time-lapse photography (3-min intervals) for 51 min using a digital camera (DP 72, Olympus) and bioimaging analysis software (Lumina Vision, Mitani Co.). The diameter for each magnified image of protoplast was measured precisely by Photoshop software (Adobe Systems). For the volume analysis, protoplasts were selected with regard to roundness and clarity of the margin. Figures 3 to 5 presented the changes in protoplast volumes after addition of each chemical.
Jasmonate Bioactivity Assay Using Arabidopsis GUS Reporter Lines
Transgenic Arabidopsis (Arabidopsis thaliana) lines harboring the GUS reporter under the control of the LOX2 or the OPCL1 promoter, LOX2p::GUS or OPCL1p::GUS, respectively, were generated previously (Jensen et al., 2002; Kienow et al., 2008) and obtained from the European Arabidopsis Stock Centre. Sterile seedlings of these lines were grown in hydroponic culture as previously described (Serrano et al., 2007) . Briefly, two to four seeds per well of a 48-well microtiter plate were germinated and grown at 24°C in 0.53 Murashige and Skoog medium with 0.5% Suc. After 2 weeks the medium was replaced by fresh Murashige and Skoog supplemented with jasmonate derivatives (dissolved in dimethyl sulfoxide [DMSO] ) at the indicated concentration and incubation continued for 24 h. Seedling extracts were prepared and fluorimetric GUS activities relative to protein concentration determined as previously described (Kienow et al., 2008) . The quantitative analysis is based on at least three biological replicates.
Volatile Induction Assay Using S. saman and Lima Bean
Volatiles were collected over a period of 24 h using the highly sensitive closed-loop-stripping method as described by Donath and Boland (1995) . Therefore, leaves were detached from plants and placed with their cut petiole into vials containing water (control) or the respective jasmonate solution (500 mM). Each sample was placed separately into an exsiccator connected to a pump, which circulated the air from the headspace through a charcoal trap, thereby continuously collecting the emitted leaf volatiles. Finally, compounds were desorbed from the filters by two washes with methylene chloride (20 mL each) containing 100 mg/mL n-bromodecane as internal standard and the volatiles analyzed using gas chromatography-mass spectrometry (TRACE 2000 series, Finnigan) with a capillary column EC-5 (Alltech).
